Introduction
Railway roadbeds for new lines in Japan are designed and constructed according to technical standards [1] (the standards now in force are design standards for railway structures and commentary (soil structures) [2] ), published along with design standards established in 1978 (volume on earth structures). However, lines were actually constructed before 1978, and although each line has over time received roadbed improvements there remain a number of sections which still suffer from roadbed degradation, such as mud pumping. Ballast in such sections deteriorates chronically, leading to increased maintenance costs because track repairs based on the use of tie tampers is ineffective. Consequently, in the long run old ballast has to be replaced (hereafter referred to as 'ballast renewal') together with roadbed improvement by means of a replacement method or a stabilization method so that condition of the ballast and the roadbed can be restored and the maintenance period extended.
Nonetheless, the above-mentioned roadbed improvement methods don't show enough improvement effects when the compaction of roadbed improvement materials is insufficient on such sections to make rigidity of the roadbed enough. In addition, the increase of the construction extension per night is difficult on such sections because the heavy industrial machines used in the track during the construction are limited. Therefore, we developed a new roadbed improvement method of filling up deteriorated ballast with low-strength cement grout.
This method aims to reducing the environmental burden by reusing deteriorated ballast resulting from ballast renewal work, and increasing construction extension by shortening the taking-out time of the deteriorated ballast. This study describes the full-scale model tests and in-situ field tests carried out to evaluate the performance of the improved roadbed and the workability of this method.
Outline of the new roadbed improvement method
In this method a reinforcement layer is constructed under the roadbed by filling the ballast with low-strength grout (hereafter referred to as grout-filling method) enabling the reuse of ballast as an aggregate in the material employed for strengthening the roadbed (Fig. 1) .
The low-strength cement grout is a two-component liquid comprising 'Liquid-A' made up of water, accelerating agent and cement, and 'Liquid-B' composed of water and hardening agent. Since the gel time can be adjusted to several minutes by using the cement grout material of 2 liquid types, leaking can be prevented, and therefore use of formwork is unnecessary. Kazuki, I. et al. [3] shows the mechanical properties of the roadbed improvement material. An outline of the grout filling work procedure for this method is shown in Fig. 2 Moreover, given the simplified procedure it is not necessary to employ specially qualified workers.
Full-scale model test

Outline of the test
Cyclical loading tests were performed on a full scale model to investigate the effect of roadbed improvement on clay and sand roadbeds. The test conditions were based on a sand roadbed with bad drainage, and a soft clay roadbed.
Construction of a full-scale model
Each full scaled roadbed was constructed in a soil tank 3.5 m wide, 7 m long, and 2.5 m deep. The roadbed material and thickness were determined to obtain a ground reaction coefficient (K 30 -value) equal to that set by the FEM. In the case of the clay roadbed, assuming it was as a soft roadbed, the K 30 -value was set at 50 MN/m 3 so that track irregularity could progress relatively quickly. In the case of the sand roadbed, the K 30 -value was set at 90 MN/m 3 assuming relatively high roadbed rigidity. A ballasted track with ballast of 200 mm in thickness composed of one sleeper was constructed on each roadbed. Figure 3 shows the test outline for the sand roadbed model. The surface of the roadbed (300 mm) was replaced with silica sand whose soil grain distribution is close to that of the roadbed soil gathered on site to perform the insitu field test. The silica sand layer was constructed by compacting the roadbed soil at a relative density of 80 % (density 1.66 t/m 3 ) in consideration of the high density of cyclical train loading over a long period of time. A sheet of waterproof polyethylene was placed under the roadbed. The subgrade was composed of two layers of EPS (expanded polystyrene) blocks and gravelly sand. The EPS was set up with a thickness of 1,000 mm from the soil tank bottom so that the dynamic displacement may relatively increase, and compacted gravelly sand was set on the EPS layer.
The sand roadbed
The roadbed to be improved with deteriorated ballast and grout was constructed using flash setting cement mixed with deteriorated ballast after excavating the sand roadbed in a predetermined shape (3,000 mm in width, 3,000 mm in length, and 200 mm in depth). The thickness of the improved layer was 200 mm. The deteriorated ballast was a mixture of ballast and silica sand with a dry weight ratio of 1:1 assuming the ballast condition of the insitu field test site. Figure 4 shows the test outline of the clay roadbed model. The subgrade was constructed in such a manner that gravelly sand was compacted to a height of 1,850 mm from the soil tank bottom, a EPS block of 250 mm thickness was placed on it and a graded crushed stone layer of 300 mm in thickness was compacted on the EPS. Gravelly sand layer and the graded crushed stone layer were compacted to 95 % degrees of compaction. Furthermore, a sheet of waterproof polyethylene was placed on the top of the graded crushed stone layer and a clay layer of 100 mm in thickness was constructed. The EPS block was placed in the upper part of the roadbed to allow dynamic displacement to increase. The top and the bottom layers were composed of the graded crushed stone and the gravelly sand, to minimize the plastic deformation outside the clay layer. In addition, the clay layer was fully consolidated at a load equivalent to the test load after constructing the clay roadbed. The deteriorated ballast was prepared assuming a ballast with a high ratio of fine particles. The thickness of the improved roadbed was 300 mm to obtain K 30 -level equal to the roadbed rigidity of a new line. The roadbed to be improved with deteriorated ballast and grout was constructed with flash setting cement mixed with deteriorated ballast in a predetermined shape (3,000 mm in width, 3,000 mm in length and 200 mm in depth). Table 1 shows the test conditions. In each case, cyclic loading (85 kN, 5 Hz) was carried out one million times. To simulate poor drainage conditions, the roadbed was saturated with water. Water was poured from the surface of the ballast in the middle of the cyclic loading. 150 L of water were poured 300,000 times, whereas 75 L were poured 450,000; 750,000; and 850,000 times respectively. Between the 800,000th and 900,000th times, "a water cycle" was carried out to draw water with a pump from the roadbed to the sleepers. The curing period of each improved roadbed was 7 days. Figure 5 shows the relationship between the number of cyclic loadings and the roadbed displacement amplitude. In the case of the clay roadbed, it was found that the roadbed displacement amplitude was reduced by half due to increase roadbed rigidity from roadbed improvement. In the case of the sand roadbed, the reduction in roadbed displacement amplitude brought about by roadbed improvement was small. This suggests that the original rigidity of the sand roadbed was relatively high. Figure 6 shows the relationship between the number of cyclic loadings and sleeper settlement. In the case of the clay roadbed, it was revealed that sleeper settlement was reduced to half through roadbed improvement. This suggests that the roadbed rigidity increased through roadbed reinforcement in the same way as the roadbed displacement amplitude. In contrast, with the sand roadbed, it was found that sleeper settlement fell by 40 %, although the reduction of the roadbed displacement amplitude was small by virtue of the relatively high original roadbed rigidity. Because of poor drainage conditions in the sand roadbed sleeper settlement occurred around the boundary between the ballast and the sand roadbed. Nonetheless, it was confirmed that the state of the roadbed had improved even in these areas with poor drainage. Confirmation was further obtained that this method was applicable to highly permeable sand roadbeds.
The clay roadbed
Test conditions
Test results
In-situ field test construction
Outlines of the construction
An in-situ field test was carried out applying the new roadbed reinforcement technique, to confirm its workability and effect. Figure 7 shows the in-situ field test construction section. In this section, the ballast presented a high mixture ratio of fine particles. There were loose sleepers and mud pumping had occurred. The track of this straight construction section consisted of 50 kgN rails and concrete sleepers. The roadbed soil was sand. The annual passing tonnage was approximately 370 million tons. In this field test construction, the roadbed was reinforced with the grout filling method. The thickness of the roadbed layer to be improved was 200 mm. The construction extension was 5 m each for deteriorated ballast and new ballast. 
Construction procedure
Figures 8 to 10 show the preparation of 'Liquid-A' and 'Liquid-B' and excavation of the ballast and roadbed, the grouting process, and the resulting roadbed improvement. Figure 11 shows the construction procedure. First, deteriorated ballast retrieved from excavation of the track bed was heaped temporarily along the track, until the roadbed was excavated to the required depth. Second, we repeated a procedure twice, that is, filling the roadbed with grout after spreading deteriorated ballast until the thickness of the improved roadbed became appropriately 100 mm, to reach the final thickness of 200 mm.
On the other hand, under the new ballast method, after excavating the ballast and the roadbed, using a hopper car new ballast was cast into the dug roadbed at a time until the thickness of the improved roadbed became a designed one. After this, the roadbed was filled with grout.
Results
This method makes it possible to reduce the amount of work required for transporting soil and roadbed improvement materials, and for compacting the roadbed, compared with conventional roadbed improvement methods. Although this method requires grout preparation and actual grouting, these tasks can be carried out in parallel to ballast and roadbed excavation.
In sum, the actual number of hours and manpower required for the new method were similar to that needed in conventional roadbed improvement methods, although this method was being applied for the first time, and therefore there was a lack of experience. Confirmation was obtained from the track irregularity on the longitudinal level of the section shown in Fig.12 , that even 11 months after this construction had been carried out growth in track irregularity was small.
Conclusion
In this study, cyclic loading tests were carried out on a full-scale model and in-situ field tests were performed to try out a new roadbed improvement method. As a result, the following insight was gained: (a) This method was effective even in the case of poor drainage conditions on sand roadbeds with high roadbed rigidity susceptible to large track displacement. (b) It was confirmed that the rigidity of the soft roadbed could increase by improving the soft roadbed over an appropriate thickness with this method. (c) By in-situ field test construction, it was confirmed that this method could be applied for roadbed improvement on commercial lines using intervals between operations at night and that the track state after the construction was well.
